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F1Fo-ATPsynthaseThe protein IF1 limits mitochondrial ATP consumption when mitochondrial respiration is impaired
by inhibiting the ‘reverse’ activity of the F1Fo-ATPsynthase. We have found that IF1 also increases
F1Fo-ATPsynthase activity in respiring mitochondria, promoting its dimerization and increasing the density of
mitochondrial cristae. We also noted that IF1 overexpression was associated with an increase in
mitochondrial volume fraction that was conversely reduced when IF1 was knocked down using small
interfering RNA (siRNA). The volume change did not correlate with the level of transcription factors involved
in mitochondrial biogenesis. However, autophagy was dramatically increased in the IF1siRNA treated cells
(−IF1), assessed by quantifying LC3-GFP translocation to autophagosomes, whilst levels of autophagy were
low in IF1 overexpressing cells (+IF1). The increase in LC3-GFP labelled autophagosomes in −IF1 cells was
prevented by the superoxide dismutase mimetic, manganese (III) tetrakis (4-benzoic acid) porphyrin
(MnTBAP). An increase in the basal rate of generation of reactive oxygen species (ROS) in −IF1 cells was
demonstrated using the ﬂuorescent probe dihydroethidium (DHE). Thus, IF1 appears to limit mitochondrial
ROS generation, limiting autophagy which is increased by IF1 knockdown. Variations in IF1 expression level
may therefore play a signiﬁcant role in deﬁning both resting rates of ROS generation and cellular
mitochondrial content.© 2009 Elsevier B.V. All rights reserved.1. Introduction
Mitochondria produce the majority of ATP required for cellular
processes, shape [Ca2+]c signalling and play an active role in cell death.
The F1Fo-ATPsynthase, a transmembrane molecular motor driven by
the electrochemical potential (Δψm) established across the inner
mitochondrial membrane by respiration [1–4], plays a central role in
cellular energy homeostasis. As a proton motive ATPase, its equili-
brium is determined by the balance of energy provided by the
phosphorylation potential on one hand and by Δψm on the other [5].
Following inhibition of respiration, the potential will reach a new
equilibrium where the enzyme may reverse, pumping protons across
the innermitochondrialmembrane and so consuming ATP tomaintain
Δψm. The inhibitor factor 1(IF1), a nuclear encodedprotein of 84 amino
acids, limits this activity (for review see [6]). We have recentlylopmental Biology, Mitochon-
anella), m.duchen@ucl.ac.uk
ience, Royal Veterinary College,
ll rights reserved.explored the consequences of altered IF1 expression levels and found
that the inhibitory efﬁcacy of IF1 on the mitochondrial F1F0-ATPase in
response to inhibition of mitochondrial respiration was increased by
IF1 overexpression, whilst IF1 suppression permits reversal of the
mitochondrial F1Fo-ATPase and consequent ATP consumption [7]. We
also found that IF1 inﬂuences mitochondrial structure and function
such that IF1 overexpression increased cristae formation and seemed
to increase proton ﬂux through the synthase. Thiswas accompanied by
a more oxidised NADH:NAD+ ratio. Suppression of IF1 expression had
opposite effects: a decrease in the number ofmitochondrial cristae and
a reduction of H+ ﬂux through the F1Fo-ATPsynthase and consequent a
more reduced state of the NADH:NAD+ ratio [7]. In the course of these
experimentswenoted thatmitochondriawere relatively sparse in cells
in which IF1 was knocked down and enriched in cells with over-
expression of IF1. Thepresent paperdescribes our efforts to identify the
mechanisms underlying these observations, which prove to result not
from changes inmitochondrial biogenesis, but rather frommodulation
of the autophagy pathways that are upregulated in cells inwhich IF1 is
suppressed.
Autophagy is the only process by which organelles of a dimension
of mitochondrion can be sequestered and subsequently delivered to
lysosomes for hydrolytic digestion [8]. During autophagy, an isolation
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that eventually envelops the autophagic target becoming an autopha-
gosome. The latter fuses with lysosomes to form autolysosomes
within their sequestered contents are degraded by lysosoal hydrolyses
and recycled [9–12] A machinery of genetically conserved autophagy-
related proteins was ﬁrst identiﬁed in yeast under a complex of Atg
proteins [13]. These Atg proteins include: (i) Atg1, Atg13, and Atg17,
serine–threonine kinase complex involved in autophagic induction;
(ii) a class II phosphatydilcholine-3-kinase (PI3K) complex which
functions in vesicle nucleation; (iii) Atg12 and atg8, ubiquitin-like
protein conjugating systems, involved in vesicle extension and
completion together with Atg5, Atg7, Atg10 and Atg16 [14]. In
mammalian cells, activation of autophagy is controlled by two classes
of PI3Ks with opposite effects, Target of Rapamycin (mTOR) that
blocks autophagy [15] and class III PI3Ks that stimulates it [16].
Selectivity of autophagy toward intracellular organelles was demon-
strated in the past for the peroxisomes [17] and there is now a general
consensus that damaged mitochondria can also be eliminated in a
process of organelle selective autophagy, termed mitophagy. The
regulatory mechanisms as well as the molecules dictating the onset of
this process remain ill-deﬁned. Here we provide evidence suggesting
that IF1 may play a signiﬁcant role in this process of mitochondria
selection – quality control – so deﬁning the overall dimension of the
mitochondrial network in HeLa cells.
2. Results
2.1. IF1 expression level affects mitochondrial morphology
HeLa cells were transfected with mitochondrially targeted GFP
either alone or together with IF1 or a siRNA for IF1. Cells were also
loadedwith calcein blue to identify themargins and dimensions of the
cell. Mitochondrial volume fractionwas then calculated as a fraction of
the total cell volume (see Materials and methods). The fractional
volume occupied by mitochondria clearly varied with IF1 expression
level, increasing from a control value of 28.4%±5.4 to 44.6%±10.3 in
IF1 overexpressing cells, which showed a denser, more widely
distributed mitochondrial network. Cells treated with siRNA against
IF1 consistently showed amore fragmented networkwith a signiﬁcant
reduction in the mitochondrial volume fraction to 20.1%±5.3(Fig. 1)
compared to control cells (⁎⁎pb0.01, ⁎pb0.05, n=3 sets of transfec-
tion per type).
2.2. Changes in IF1 expression do not alter the expression of proteins
responsible for mitochondrial biogenesis
IF1 induced changes in mitochondrial volume fraction might
result from changes in the expression of the major transcription
factors involved in the coordination of mitochondrial biogenesis —
peroxisome proliferator-activated receptor-γ coactivator (PGC-1)
[18] peroxisome proliferator-activated receptor γ coactivator-
related 1 (PPRC1) [19] and transcription factor A of the mitochon-
dria, (TFAM) [20]. We therefore used quantitative rtPCR (RT-QPCR)
to explore the expression of these genes in cells with over-
expression or suppression of IF1. The mRNA analysis (Fig. 2A) did
not show any signiﬁcant increase, but rather a statistically
signiﬁcant decrease in mRNA for both PGC-1 and PPRC1 (PGC1,
control: 1.095±0.13, +IF1:0.57±0.26, arbitrary units, A.U.
⁎pb0.05; PPRC1, control: 0.95±0.058, +IF1: 0.56±0.10, ﬂuores-
cence units ⁎pb0.05, n=3 sets of transfection) whilst TFAM
remained unchanged (Control: 1.044±0.05; +IF1: 0.93±0.07,
A.U., n=3 sets of transfection). This ﬁnding led us to consider
other potential mechanisms that might regulate mitochondrial
volume. Since autophagy is the only known mechanism that
selectively removes organelles for degradation, we explored its
possible role in deﬁning mitochondrial volume in these cells.2.3. IF1 sets low basal levels of autophagy by regulating mitochondrial
ROS generation
In order to explore whether alterations in IF1 level of expression
modulates the levels of autophagy in HeLa cells we followed
the distribution of the fusion protein LC3-GFP after transient co-
transfection with IF1 or the siRNA against IF1. During activation of
autophagy pathways, 22 amino acids are cleaved from the C-terminus
of LC3, forming LC3-II that is lipidated and selectively localized to
newly formed autophagosomes. Hence, we used LC3-GFP distribution
within the cell to quantify the degree of basal autophagy in relation to
IF1 expression. This was quantiﬁed by measuring the standard
deviation of the signal across the cell as a function of the mean signal
intensity— ameasure of the localization of the signal (formethods see
[21]). Fig. 2 panel Bi shows that control and +IF1 cells have a minimal
number of autophagosomes since in both cases LC3-GFP is uniformly
distributed throughout the cytosol with a minimally punctuate signal.
However, the −IF1 cells showed a signiﬁcant increase in the
compartmentalization of the marker, consistent with a model
involving the translocation of LC3-GFP from the cytosol into the
membranes of newly formed autophagosomes, creating a punctate
pattern.
Quantiﬁcation of LC3-GFP translocation (Fig. 2Bii) showed that the
average SD/mean ratio was statistically signiﬁcantly different in
both +IF1 and −IF1 compared to control cells (Control: 0.49±0.02,
n=173; +IF1: 0.42±0.01, n=152; −IF1: 0.64±0.03, n=185
⁎pb0.05, ⁎⁎pb0.01). In −IF1 cells, the increase in SD/mean ratio,
resulting from the increase in variability of pixel intensity, conﬁrms a
greater level of not induced autophagic activity in these cells. Conversely,
the average SD/mean ratio of +IF1 cells was reduced compared to
controls suggesting a reduced autophagic activity.
Thus, it seems that basal autophagic activity varies according to the
expression levels of IF1 in HeLa cells. We therefore explored possible
pathways by which IF1 might mediate such an effect. An increase in
the generation of reactive oxygen species (ROS) can activate the
autophagy pathway [22–24]. As the mitochondria in−IF1 cells have a
more reduced NADH:NAD+ ratio and a bigger membrane potential,
both conditions that tend to increase mitochondrial ROS generation,
this seemed a plausible mechanism. We therefore tested whether
MnTBAP, a membrane permeant SODmimetic and ROS scavenger [25]
might inﬂuence the development of autophagy. Therefore, 24 h after
transfection with siRNA for IF1 cells were treated with 5 μM MnTBAP
for 12 h before confocal imaging and analysis. In cells treated with
MnTBAP, the differences in SD/mean ratios of the LC3-GFP signal
between the three cohorts of cells were effectively removed (Control:
0.41±0.016, n=170 +IF1: 0.41±0.019, n=102; −IF1: 0.40±0.010,
n=114 ⁎pb0.05). IF1 overexpression failed to alter autophagosome
formation triggered by treatment of cells with Hydrogen peroxide
H2O2 (10−6M, 2 h) or Rapamycin (5 μM, 4 h) (Fig. 2C). Also in this case
the SD/mean ratios of LC3-GFP distribution between control and+IF1
cells was calculated to evaluate the degree of autophagic activity that
did not show any statistically signiﬁcant difference between the two
(H2O2, Control: 0.64±0.10; +IF1: 0.57±0.086 n=73 per cell type;
Rapamycin, Control: 0.66±0.09; +IF1: 0.60±0.13; n=35 per cell
type, SD/mean ratios, pN0.05). This indicates that IF1 modulates
autophagic activity through an intrinsic mechanism but does not
inﬂuence downstream pathways in the activation of this pathway.
2.4. Reactive oxygen species (ROS) generation is increased in −IF1 cells
and underlies the decreased mitochondrial volume
The above data suggest that ROS generation might be increased in
the siRNA treated cells in which IF1 expression is suppressed. We
therefore measured the rate of ROS production in cells expressing
different levels of IF1 using the ﬂuorescent probe Dihydroethidium
(DHE,10 μM),which is oxidised to aﬂuorescent product by ROS, so that
Fig. 1. IF1 level of expression causes alterations in the mitochondrial volume fraction. (A) Projections of confocal Z-stacks of HeLa cells expressing mitochondrially targeted GFP and
different levels of IF1 expression. IF1 overexpressing cells (+IF1) showed an increased density of the mitochondrial network compared to control cells and those treated with siRNA
for IF1 (−IF1) which, on the contrary, showed a signiﬁcant decrease in the density of the mitochondrial network. (Bi) By staining the cytosol with calcein blue, the % of cellular
volume occupied by mtGFP was quantiﬁed as shown in panel Bii.
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generation [26–30]. The traces shown in Fig. 3A, show that in −IF1
cells, DHEwas oxidised at a signiﬁcantly higher rate than in control and
+IF1 cells [Control: (4.7±1.7)·10−4; +IF1: (4.9±1.0)·10−4;−IF1:
9.3·10−4±7.5·10−5 Δﬂuorescence units/Δseconds, ⁎⁎pb0.001;n=23 per cell type out of 5 sets of transfection]. These data together
show that ROS generation is increased in cells in which IF1 expression
is suppressed, consistent with the suggestion that autophagy and a
reduction in mitochondrial volume fraction are triggered by increased
ROS generation. We therefore asked whether the ROS scavenger
Fig. 2. Autophagosome formation is depending on IF1 level of expression just at resting conditions and is avoided by treatment with ROS scavenger. (A) rtPCR analysis of mRNA levels
of the mitochondrial biogenesis regulators PGC1, PPRC1and TFAM did not show any rise in expression in +IF1 cells and even suggested a statistically signiﬁcant reduction for PGC1
and PPRC1. Bi shows representative confocal images of LC3-GFP distribution in HeLa cells expressing different levels of IF1. Following activation of autophagy, LC3-GFP accumulates at
autophagosomal membranes and serves as a speciﬁc marker of the process. At resting conditions, the number of green puncta (autophagosomes) present in the cytosol of−IF1 cells
was signiﬁcantly greater than in control and +IF1 cells. This was quantiﬁed by calculating the standard deviation/mean ratio of pixel intensity in the LC3-GFP positive cells as shown
in panel Bii. SD/mean ratio was increased in−IF1 cells, indicating a greater level of basal autophagic activity than in control and +IF1 cells. 12 h treatment with 5 μMMnTBAP, a ROS
scavenger, normalized the differences in the SD/mean ratios in +IF1 and −IF1 cells, which show similar % of LC3-GFP translocation to the autophagosomes. Panel C reports that
overexpression of IF1 had no effect against autophagosome formation triggered by H2O2 (10−6M, 2 h) or Rapamycin (5 μM, 4 h), conﬁrming that changes in autophagy with IF1
expression level are responses to differences in intrinsic mitochondrial ROS generation.
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recorded at 36 h after IF1 suppression. Therefore, 24 after transfection,
cells co-transfected with IF1siRNA (−IF1 cells) and mitochondrially
targeted EGFP were treated with 5 μM MnTBAP for 12 h (the same
protocol employed before). The data presented in Fig. 3B show that the
mitochondrial mass was preserved in−IF1 cells treated withMnTBAP.
Quantiﬁcation of the mitochondrial volume occupancy presented inFig. 3Ci performed as above, revealed a rise in the volume area
occupied bymitochondria inMnTBAP treated cells, quantiﬁed in panel
3Cii (−IF1:22.6%±6.3;−IF1+MnTBAP: 46.3%±12.8, ⁎pb0.05; n=3
sets of transfection). However, the mitochondrial network still
appeared disorganized; suggesting that IF1 suppression still alters
mitochondrialmorphologyalthough the overall volumewas preserved
in the presence of MnTBAP.
Fig. 3. The rate of generation of reactive oxygen species (ROS) is increased in −IF1 cells and treatment with a ROS scavenger preserved the mitochondrial network. The rate of
intracellular ROS generation in HeLa cells with altered expression of IF1 was measured using dihydroethidium (DHE, 10 μM). Traces reported in panel Ai indicate that rates of ROS
production between control and−IF1 cells were statistically different. Values obtained are summarized and plotted in panel Aii. B shows confocal images of−IF1 HeLa cells 36 h after
transfection untreated (let hand panel) or treated 12 h withMnTBAP. The ROS scavenger helped to preserve the mitochondrial network. The cell volume occupied bymitochondria in
−IF1 cells with and without MnTBAB was measured as described above using calcein blue (Ci) and shown in Cii.
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network morphology
In order to combine the results obtained on mitochondrial volume
and autophagy activity, we co-transfected cells with amitochondrially
targeted red ﬂuorescent protein (mt-RFP) and the LC3-GFP fusionFig. 4.Mitochondrial volume reduction coincides with increased level of autophagy. Represe
with mitochondrially targeted red variant of GFP to visualize mitochondrial structure and
localization of LC3-GFP coincided with preservation of the mitochondrial network in +IF1
mitochondrial volume fraction in−IF1 cells (n=4 per type of transfection). A plot generate
inverted relation between autophagy and mitochondrial volume.protein in HeLa cells expressing different levels of IF1. Representative
images show that increased mitochondrial volume (mt-RFP) corre-
sponds to a diffuse cytosolic distribution of LC3-GFP (Fig. 4).
Conversely, when the mitochondrial network was disrupted in −IF1
cells, LC3-GFP showed a more punctuate pattern implying a higher
level of autophagosome activity. We have also calculated and plottedntative confocal images of HeLa cells expressing altered levels of IF1 and co-transfected
LC3-GFP to monitor the level of autophagy are shown in panel A, B and C. Cytosolic
cells whilst localization of LC3-GFP to autophagosomes correlated with a decreased
d from the comparison of the pairs of values is represented in panel D highlighting the
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LC3-GFP ratio and mitochondrial volume fraction. This disclosed an
inverse relationship between autophagic activity and mitochondrial
volume (ρ=0.863).
3. Discussion
We have found that mitochondrial volume in HeLa cells varies
according to the level of IF1 expression. Thus, in IF1 overexpressing
cells, the fraction of the cell volume occupied by mitochondria was
signiﬁcantly increased compared to controls. Conversely, suppression
of IF1 promoted the opposite result with a decrease in mitochondrial
volume fraction (Fig. 1). Therefore, in IF1 overexpressing cells, the
expression level of genes responsible for mitochondrial biogenesis
was investigated and by rtPCR the RNA messenger level of PGC1-α,
PPRC and TFAM quantiﬁed (Fig. 2A). Since none of these increased, (in
the case of PGC1-α and PPRC there was even a signiﬁcant reduction),
we wondered whether the changes in mitochondrial volume might
reﬂect rather alterations in catabolic processes such as autophagy.
Autophagy is the only self conservatory mechanism in nucleated cells,
compatible with cell survival, able to remove organelles from the
cytoplasm. In recent years, an increased understanding of the role of
autophagy in the control of mitochondrial degradation has been
developed [31,32]. Autophagy is typically activated by fasting and
nutrient deprivation and also removes toxic protein aggregates and
unneeded organelles, whilst insufﬁcient or deregulated autophagy
can promote cell injury [33].
LC3 migrates from its cytosolic localization during autophagy to
newly formed autophagosomes marking the degree of autophagy
activation and representing so an ideal tool to monitor this process.
Using the autophagosome marker, LC3-GFP, we found that IF1 over-
expression reduced autophagosomal activity whilst−IF1 cells showed
obvious punctuate LC3-GFP distribution, suggesting increased autopha-
gosomal activity (Fig. 2B). Thus, autophagy seems to be the major
process underlying the changes in mitochondrial volume fraction that
we have seen associated with manipulations of IF1 expression.
Since mammals – unlike yeast [34] – apparently lack proteins
acting as speciﬁc molecules that tag mitochondria to be removed, the
signalling might well be derived frommitochondrial metabolism. The
production of reactive oxygen species (ROS) may represent an
obvious signalling pathway to regulate autophagic removal of
mitochondria — mitophagy [35–38]. Thus, oxidative stress induced
using H2O2 or 2-methoxyestradiol (2-ME) induces autophagy in HeLa
cells [39]. Furthermore, the use of ROS scavengers or the over-
expression of superoxide dismutase signiﬁcantly reduced the levels
of autophagy in HeLa cells [40]. Mitochondrial ROS generation
depends on mitochondrial metabolism (for review see [41]) and
may constitute the mechanism by which damaged mitochondria are
selectively targeted by autophagy. We found here that the ROS
scavenger MnTBAP, a superoxide dismutase mimetic, prevented the
increased autophagy seen in the−IF1 cells (Fig. 2Bii), suggesting that
IF1 knock down increased ROS production, which was conﬁrmed
using Dihydroethidium (DHE). We have shown recently that IF1
suppression is associated with a more reduced level of the NADH:
NAD+ ratio and an increase in Δψm which we have attributed to a
decreased proton ﬂux through the ATP synthase [7]. These conditions
favour mitochondrial ROS generation [42,43] associated with
increased Δψm values [44]. Therefore, IF1 downregulation renders
mitochondria less “bio-energetically competent” promoting an
increased rate of ROS production. This in turn drives selective
mitochondrial degradation by autophagy and induces scaling down
of the mitochondrial network.
As further conﬁrmation of the ROS dependence of this process,
MnTBAP efﬁciently counteracts this phenomenon in −IF1 cells (Fig.
3Bi and Bii). It is important to note that autophagy induced by
exogenous oxidative stress was not inﬂuenced by IF1 expression, norwas that induced with the immunosuppressant Rapamycin. Thus, the
autophagy seen in the −IF1 cells is a response to altered intrinsic
signalling pathways, and is not a secondary response to other
downstream components of the pathway that might be inﬂuenced
by subtle changes in cellular bioenergetics promoted by IF1 expression
level.
Simultaneous imaging of autophagosome formation and the
appearance of the mitochondrial network (see Fig. 4) established
the negative correlation between these two variables and its
dependence on IF1 expression level. These data suggest that IF1 is a
housekeeping gene in mitochondrial quality control since its deletion
increases autophagy and decreases the mitochondrial volume frac-
tion. Therefore, malfunctioning mitochondria such as those without
IF1 produce un-physiological levels of ROS that make them targeted
by autophagy thus affecting the overall mitochondrial volume.
However, we cannot rule out the morphological modiﬁcations
occurring at ultrastructural level and attributed to IF1 as co-mediators
in the mitochondrial turnover. Indeed, recent reports indicate that
mitophagy requires a dismantling of the inner mitochondrial
structure through disruption of cristae junctions. For example, the
level of Optic Atrophy type 1 (OPA1) [45], is downregulated before
mitophagy [46]. This implies that a tuned combination of events
occurring at retrograde (structural modiﬁcations) and post mitochon-
drial level (ROS generation) may be needed for the execution of
mitophagy. It therefore seems that IF1 plays an unexpected role in this
process due to its capacity to impinge on both levels of mitochondrial
regulation: structure and function.
Although these ﬁndings ﬁt with the conceptual background set out
in our previous studies [7], the role for IF1 in normal respiring
mitochondria is controversial. In bovine heart submitochondrial
vesicles, an increase in IF1 expression was associated with inhibition
of F1Fo-ATPsynthase activity [47,48]. Very recently, reduction of
mitochondrial F1Fo-ATPsynthase/ATPase activity was associated
with the silencing of the immediate early gene IEX-1, a gene that
targets and degrades IF1 [49]. However, a clear understanding of the
protein's role in physiological conditions is hard to elucidate until the
nature of the interaction between IF1 and the F1Fo-ATPsynthase in
respiring mitochondria is fully characterized.
We found, via blue native gel analysis, that in HeLa cells over-
expressing IF1 the ratio of dimeric to monomeric forms of the F1Fo
protein complex was increased [7], consistent with ﬁndings in
hepatoma cells [50]. This ﬁnding also remains controversial. Thus,
according to Zanotti et al. [51] the high afﬁnity binding of IF1 for the
F1Fo-ATPsynthase would prevent the formation of any dimer whilst
more recently it has been proposed that IF1 mediated dimerization
would help stabilize the inhibitory complex with the F1Fo-ATPase [52].
Our vision for IF1 as coupling factor lacks direct biochemical
evidence and so must be considered as speculative, however our data
are internally consistent and supported by studies of rat neurons in
culture and kidney slices which showed that the IF1:F1Fo-ATP
synthase ratios are high in oxidative cell types (neurons and proximal
tubules) and low in their more glycolytic neighbouring cells, the
astrocytes and distal renal tubules respectively [7,53].
The data presented in the current report suggest that, by affecting
basal cellular autophagy, IF1 may play an unexpected role in mito-
chondrial quality control. Theseobservationsbroaden the apparent roles
of thismolecule that seems to play an important and complex role in the
regulation of cellular and mitochondrial homeostasis.
4. Materials and methods
4.1. Reagents
Rapamycin, Hydrogen peroxide (H2O2) were purchased from
SIGMA-Aldrich, manganese (III) tetrakis (4-benzoic acid) porphyrin
(MnTBAB) from Calbiochem.
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All the experiments of this study were carried out using the HeLa
cell line (Human Cervical Adenocarcinoma cells). HeLa cells were
grown in a DMEM culture medium, made up of DMEM (Gibco™
41966), supplemented with 10% Fetal Bovine Serum (FBS-Gibco™
10106-185), 50 U/ml Penicillin and 25 μg/ml Streptomycin. In all
experiments, the transfection of DNAwas carried out using Lipofecta-
mine Reagent (Invitrogen™ 18324-012), according to the manufac-
tures' protocol. As previously described [7] in order to over-express IF1
in HeLa cells, the cells were transfected with IF1-cDNA (Open
Biosystems, Invitrogen™MHS1010-73732), whereas small interfering
RNA (siRNA) (Qiagen S100908075) was used to suppress the
expression of IF1. Mitochondrial morphology was imaged using
Green Fluorescent Protein Targeted to mitochondria (mtGFP). For
the imaging experiments together with the LC3-GFP, mitochondria
were instead imaged with the red variant of the GFP targeted to
mitochondria through a kinase anchoring protein (AKAP).
4.3. Investigating mitochondrial morphology
HeLa cells expressing mtGFP and altered levels of IF1 were washed
with phosphate buffered saline (PBS), were place into a saline which
we shall refer to as Recording Medium (RM) consisting of (mM): NaCl
156; KCl 3: MgSO4 2; KH2PO4 125; D-Glucose 10; CaCl2 2; Hepes
(Gibco™ 15630-056) 10; with pH 7.3–7.4. 2.5 μL calcein blue
(Invitrogen™ 23338) was then added to the RM and then mixed
and allowed to load for 5 min at room temperature.
Images were acquired using a Zeiss 510 CLSM confocal microscope
with a Plan-Apochromat ×63/1.4 oil immersion objective lens at RT.
Calcein blue was excited with a 364 nm wavelength laser and mtGFP
with a 488 nm laser. Laser power was kept as low as possible (0.1–2%),
to avoid bleaching of the signal.
Images were analyzed using the software program Image J. The
two channels (calcein blue and mtGFP) were separated and thres-
holded in order to acquire two separate binary images. The proportion
of the cytoplasm (stained with calcein blue) occupied by the
mitochondrial network was then calculated from the area of both
images (represented by mtGFP image). The process is illustrated in
Supplementary Fig. 1B. In order to control for observer bias, the
identity of the transfected cells was blinded and analysis was carried
out twice, with an average for each cell taken.
4.4. Measuring the levels of autophagy
LC3-GFPwas used as a marker for autophagy. During the activation
of autophagy, the cytosolic form of themicrotubule-associated protein
light chain 3 LC3 (LC3-I) is cleaved and conjugated with phosphati-
dylethanolamine (PE), resulting in the formation of LC3-II [54]. This
form then translocates from the cytosol to the newly formed
autophagosomal membrane. Therefore, the fusion of LC3 with green
ﬂuorescent protein, allows it to serve as a speciﬁc indicator of
autophagosomes [55], appearing as punctuate by ﬂuorescence
microscopy [56]. HeLa cells were transfected with LC3-GFP using
lipofectamine. 36 h after transfection, the cells (growing on cover
slips) were mounted in a microscope chamber, washed with RM, and
imaged using a Zeiss 510 CLSM. The images were analyzed using the
Zeiss 510 Software. The mean signal and standard deviation of the
mean of pixel intensity within individual cells was measured. Cells
with increased levels of autophagic activity were identiﬁed as those
containing a greater number of autophagosomes, which was quanti-
ﬁed as an increase in SD as there is a greater variability in pixel
intensity in these cells (between the bright autophagosomes and the
dark cytosol). However, in control cells, the LC3-GFP was uniformly
distributed throughout the cytosol, (i.e. SD was low). Moreover, in
order to correct for differences in overall brightness between differentimages, since the expression of LC3-GFP was not the same in all cells,
the standard deviationwas divided by the mean pixel intensity within
the area of the image analyzed. To measure the levels of autophagy
following treatment with MnTBAP, twenty-four(24) hours following
transfection with LC3-GFP, HeLa cells were treated with 5 μM of
manganese (III) tetrakis (4-benzoic acid) porphyrin (MnTBAP), a cell-
permeable superoxide dismutase mimetic [57]. The cells were
incubated with MnTBAP for 12 h and were then washed once with
sterile PBS. The cover slips were then mounted in chambers and
loaded with RM. Cell imaging and data analysis were carried out as
described above.
4.5. Quantitative real time RT-PCR
Total RNA was obtained using the Rneasy Plus Minikit (Qiagen)
and 1.5 μg of RNA reverse transcribed with Superscript II Reverse
Transcriptase (Invitrogen). Quantitative PCR was performed using the
Dynamo™ SYBR®Green qPCR Kit (Finnzymes) and the Opticon 2 DNA
engine (MJ Research). Gene-speciﬁc primer pairs for PGC1α (For-
ward:cctgcatgagtgtgtgctct;Reverse:gcaaagaggctggtcttcac), PPRC1
(Forward:ctggccctcctgaaaatgta; Reverse:caggctcctcaacagtcaca).
And TFAM (Forward:gggttccagttgtgattgct; Reverse: tggacaacttgc-
caagacag) were designed using the Primer3 algorithm [58].
4.6. Measurements of ROS production
Coverslips were transferred to small chambers for microscopy.
Cells were imaged whilst bathed in RM. Dihydroethidium (DHE;
10 μM) was added immediately before the start of an experiment and
remained in the solution for the duration. Images were obtained using
a Zeiss 510 LSM confocal microscope using a 40× oil immersion lens.
Excitation was provided by the 543 line of the helium–neon laser line
and emitted ﬂuorescence collected N560 nm. In all experiments using
DHE, data were collected every 10 s. The rate of DHE oxidation in cells
transfected with the empty vector was compared with the rate of DHE
oxidation in +IF1 or −IF1. The rate was calculated in every cell in a
ﬁeld of view was analyzed and included in the ﬁnal measurements.
4.7. Statistics
The probability of statistically signiﬁcant differences between two
experimental groups was determined by Student's T test. Values are
expressed as mean±SDV of at least three independent experiments
unless stated otherwise.
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